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A lthough 100-300 million human sperm are ejac-ulated into the vagina during intercourse,  few 
motile human sperm succeed in fertilizing eggs in the 
ampulla [1].  Peristalsis of the female reproductive tract 
confers physical stress on sperm,  resulting in oxidative 
damage [2 , 3].  Sperm must also maintain their ability to 
fertilize despite obstacles in the female oviduct,  and 
they travel distances > 1,000 times their length [4 , 5].  
The isthmus and the ampulla in the oviduct are located 
in the proximal and distal portions of the uterus,  
respectively,  and the inner diameter of the isthmus is 
narrower than that of the ampulla [6].  Ejaculated sperm 
enter the isthmus and undergo capacitation for fertiliza-
tion in the sperm reservoir at the isthmus [7].  Only 
when the sperm cells reach the ampulla can some of 
them fertilize the eggs.  Sperm cells use physical and 
molecular cues to guide their motion on this long and 
difficult journey.
On the basis of in vitro studies of mammalian sperm 
taxis,  three different guidance mechanisms have been 
proposed: thermotaxis,  i.e.,  swimming in response to 
a temperature gradient (seen in rabbits and humans) 
[8]; chemotaxis,  which is recognizing a concentration 
gradient of a chemoattractant and moving to regions of 
higher concentration (seen in humans [9],  rabbits [10],  
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We investigated the relationship between human sperm rheotaxis and motile sperm trajectories by using poly- 
(dimethylsiloxane) (PDMS)-based cylindrical microfluidic channels with inner diameters of 100 μm,  50 μm,  
and 70 μm,  which corresponded to the inner diameter of the human isthmus,  the length of a sperm and a 
diameter intermediate between the two,  respectively.  We counted the number of rheotaxic sperm and sperm 
with spiral motion.  We also analyzed motile sperm trajectories.  As the cylindrical channel diameter was 
decreased,  the percentage of sperm cells exhibiting rheotaxis,  the percentage of sperm cells exhibiting spiral 
motion,  the frequency-to-diameter ratio of the sperm cells’ spiral trajectories,  and the surface area of the 
microfluidic channel increased,  while the flagellar motion at the channel wall decreased.  The percentage of 
sperm exhibiting a spiral trajectory and the frequency-to-diameter ratio of the sperm cells’ spiral trajectories 
were thus affected by the channel diameter.  Our findings suggest that the oviduct structure affects the swim-
ming properties of sperm cells,  guiding them from the uterus to the ampulla for egg fertilization.  These results 
could contribute to the development of motile sperm-sorting microfluidic devices for assisted reproductive 
technologies.
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and mice [11]) [1]; and rheotaxis,  or sensing mechan-
ical stimuli induced by fluid flow (seen in mice and 
humans) [12].  Only 3-5% of human sperm show ther-
motaxis [8],  and only 2-12% of human sperm [13 , 14] 
and 10% of mouse sperm [11 , 13 , 15] show chemotaxis.  
In mammalian sperm,  thermotaxis is driven by the 
temperature difference between the ampulla and the 
isthmus.  Chemotaxis is a temporary,  short-term cue 
with a range of only a few millimeters,  and thus is only 
effective in guiding the entry of sperm into an egg 
[1 , 13].  In contrast,  80-84% of bull sperm [16] and 
49% of human sperm [4] show rheotaxis,  which is the 
principal mechanism underlying the transit of mamma-
lian sperm cells from the vagina to the eggs in the 
ampulla [12].
We are interested in the relationship between rheot-
axis and the linear or spiral swimming trajectories of 
sperm cells in microfluids,  because it is this swimming 
behavior that guides the sperm to the ampulla.  Stable,  
ascending,  and spiral motions of the mammalian sperm 
cells are induced by the interplay between fluid shear 
and the chirality of the flagellar beat,  and by steric sur-
face-interactions in microfluids [5 , 17].  The flagellar 
motion of sperm cells is perturbed by fluid viscosity,  
with side-to-side movement more strongly restricted in 
viscous fluids [18-25].  The linearity of motile sperm 
increases in microfluidic channels with diameters of 
30-50 μm [26].  According to these prior reports,  sperm 
motility is regulated by flagellar motion,  fluid mechan-
ical properties,  and restricted microfluidic structure.  
The length of the microfluidic channel for sperm 
motion is approximately 1-10 mm [26].  Mammalian 
sperm cells have been observed swimming in bulk buf-
fer but not in narrow microfluidic channels [26 , 27].
To accurately investigate sperm motility in restricted 
spaces,  motile sperm should be observed in a channel 
with an appropriately small diameter.  The use of cylin-
drical microfluidic channels with a diameter similar to 
the human sperm length (50 μm) and the human isth-
mus inner diameter (100 μm) enables us to investigate 
the influence of sperm motion in a restricted space and 
the effects of a fluid’s shear velocity on the spiral trajec-
tory of motile sperm cells.
In this study,  we investigated the relationship 
between motile human sperm rheotaxis and spiral tra-
jectory using poly(dimethylsiloxane) (PDMS)-based 
cylindrical microfluidic channels with three different 
inner diameters: 100 μm (which is the approximate 
inner diameter of the human isthmus),  50 μm (the 
approximate sperm length),  and 70 μm (an intermedi-
ate diameter between 50 and 100 μm).  We chose 
PDMS-based microfluidic devices because they offer an 
easy and efficient way to prepare cylindrical microflu-
idic channels [28-32].  The PDMS-based cylindrical 
microfluidic channels of 50-,  70-,  and 100-μm diame-
ter were supplied with a continuous flow of water.  We 
analyzed the effects of motile sperm rheotaxis on the 
spiral trajectories of motile sperm by determining the 
relationship between rheotaxis and spiral trajectory and 
the inner diameter of the cylindrical microfluidic chan-
nels.  Finally,  we discuss the implications of our find-
ings in terms of the physiological behavior of motile 
sperm in the oviducts and the design of improved 
motile sperm-sorting devices.
Materials and Methods
Microfluidic device design and fabrication. Fig.1 
(A , B) shows the microfluidic device used in this study.  
The device has a cylindrical microfluidic channel with 
two different diameters: 500 μm in the lower region 
and 50,  70,  or 100 μm in the higher region (the narrow 
cylindrical channel) (Fig. 1B).  A diluted semen sample 
was injected into the chosen region with a syringe,  and 
the sperm cell motion in the channel was observed by 
optical microscopy.  The length of the narrow cylindri-
cal channel region was 3-13 mm,  as shown in Fig. 1C.
The microchannel was fabricated using PDMS 
(Momentive Performance Materials Japan,  Tokyo).  
Masters were prepared using a poly(methacrylate) 
(PMMA) plate (Mitsubishi Chemicals,  Tokyo) and a 
500-μm hypodermic needle.  Narrow microfluidic 
channels were prepared using 50-μm sutures (Covidien,  
Dublin,  Ireland),  70-μm sutures (Keisei Medical 
Industrial Co.,  Tokyo),  or 100-μm platinum or tung-
sten wire (Niraco,  Tokyo).  The outer frame was made 
from PMMA.  The molds of the microchannel were 
fabricated by attaching a 500-μm hypodermic needle 
and other thin suture or wire.
After preparation of the masters,  the PDMS mono-
mer and curing agent were mixed in a ratio of 10 : 1 by 
weight,  degassed,  and poured into the microchannel 
mold.  The PDMS was cured in an oven (EYELA NDO-
400; Tokyo Rikakikai Co.,  Tokyo) at 70-80°C for 
> 1.5 h.  After curing,  the microchannel molds were 
removed from the channels.
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Construction of the flow gradient system. Human 
tubal fluid (HTF) (Irvine Scientific,  Santa Ana,  CA,  
USA) was injected into the 500-μm diameter inlet 
channel with a plastic syringe.  Diluted semen was then 
injected in the same way.  The fluid flowed by gravity 
from the upper outlet to the lower inlet of the microflu-
idic device,  and the flow velocity was 6-150 μm/sec.  
Table 1 shows the maximum flow velocity at the center 
of the narrow cylindrical channel and the maximum 
shear stress,  which was calculated using the Hagen-
Poiseuille flow velocity equation.  We used the disper-
sion of silica particles (1-10 μm diameter) to measure 
fluid velocity.  Small aliquots of silica particles were 
dispersed in distilled water and injected into the micro-
fluidic channel for observation of the fluid flow.  The 
fluid flow for the sperm rheotaxis experiments was 
observed using non-motile sperm as tracers.
As noted in Table 1,  the observed maximum flow 
velocities were 19.8 ± 8.5 (n = 7),  48.6 ± 24.8 (n = 5),  and 
78.0 ± 49.6 (n = 9) μm/sec in the 50-,  70-,  and 100-μm 
diameter cylindrical channels,  respectively.  The maxi-
mum Reynolds number was approximately 0.013 
(130 μm/sec maximum fluid velocity,  100-μm diame-
ter),  indicating laminar flow.  Wall fluid shear stress is 
proportional to the maximum fluid velocity/cylindrical 
channel diameter,  and was calculated as 0.40 ± 0.17,  
0.69 ± 0.35,  and 0.78 ± 0.50 (mPa＊sec) in the cylindrical 
channels with 50-,  70-,  and 100-μm diameter,  respec-
tively.  The maximum flow velocity and fluid shear stress 
decreased with decreasing diameter of the cylindrical 
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????? ?　 Maximum ﬂow velocity and respective wall shear stress in each narrow cylindrical channel
Diameter of microﬂuidic channel (μm) 50 70 100
Maximum velocity (μm/sec) 19.8±8.5 (N＝7) 48.6±24.8 (N＝5) 78.0±49.9 (N＝9)
Wall shear stress (mPa＊sec) 0.40±0.17 0.69±0.35 0.78±0.50
(A) (B)
(C) (D)
???? ?　 A,  The microﬂuidic device used in this study.  The yellow square shows the narrow cylindrical channel region of the microﬂuidic 
device; B,  Schematic representation of the microﬂuidic device and a picture of narrow cylindrical channel region observed by microscopy.  
Fluid is initially injected from the inlet via a plastic syringe,  and it goes to the ﬂuid reservoir.  Downward ﬂuid ﬂow is begun by the water 
head of the ﬂuid in the reservoir; C,  Photos of the microﬂuidic devices.  The inner diameter and length of the narrow cylindrical channel 
region are in white and yellow squares,  respectively; D,  A photo of the observation system.
channel.
Semen and sperm samples. Human semen was 
supplied by one healthy male volunteer.  The use of 
semen samples from one male volunteer (application 
no.: 30-7) was approved by the Ethics Committee of 
Okayama University of Science.  After ejaculation,  
samples were immediately incubated at 37°C for 0.5-1 h 
for liquefying.  The semen was washed by centrifuga-
tion at 400 g and diluted with HTF (Irvine Scientific),  
and the sperm-containing suspension was diluted to 
approximately 1.0 × 107 cells/ml to adjust the sperm 
concentration for the observation of sperm motility and 
the comparison of sperm counts using the different- 
diameter cylindrical microfluidic channels.  The diluted 
concentration complied with the World Health Organi-
zation (WHO) criteria for fertile sperm concentration 
(1.5 × 107 cells/ml) [33].
We used seven semen samples obtained from the 
same volunteer on different days and did not detect sig-
nificant difference among the semen samples with 
regard to concentration (> 1.0 × 107 cells/ml) and motil-
ity (50-80%).  All measurements were taken 2-4 times.
Observation of sperm with and without flow. We 
used an optical microscope (VX-1000; Keyence,  Osaka,  
Japan) to observe and record the sperm motion in the 
narrow cylindrical microfluidic channels with or with-
out flow.  The frame rate of these movies was 15 or 30  
frames/sec.  The trajectories of the motile sperm were 
drawn free hand.  The movies could not be analyzed 
using computer-assisted sperm analysis (CASA) pro-
grams,  because the contrast of the recordings was too 
low to recognize the sperm heads.
Statistical analysis. The chi-square test was used 
to determine the differences in the rate of sperm motion 
between conditions.  Student’s t-test was used to deter-
mine differences in the frequency-to-diameter ratio of 
the sperm cells’ spiral trajectories.  To account for the 
use of multiple tests,  we used the Bonferroni correc-
tion,  and p-values < 0.016 (0.05/3 = 0.0167) were consid-
ered to be statistically significant for pairs of groups 
from among 3 groups.  P-values < 0.05 and < 0.016 were 
considered significant for one pair of 2 groups and for 3 
pairs of 3 groups,  respectively.
Results
Sperm rheotaxis in the presence of flow. We 
compared the percentage of human motile sperm show-
ing positive rheotaxis between narrow cylindrical chan-
nels with different diameters.  Positive rheotactic sperm 
swim against the downward flow of the fluid.  The per-
centage of positive rheotaxis was calculated from Eq.  
(1):
Positive rheotaxis =
 (1)
The percentages of positive rheotactic sperm were 
84.8% (50-μm diameter; n = 112),  63.8% (70-μm diam-
eter,  n = 163),  and 63.0% (100-μm diameter; n = 146) 
(Fig. 2).  The percentage of sperm showing positive rhe-
otaxis in the 50-μm-diameter cylindrical channel was 
significantly larger than those in the 70- and 
100-μm-diameter channels (p < 0.016).  Even though the 
wall shear stress in the 100-μm diameter channel was 
twice that of the 50-μm-diameter channel,  the percent-
age of upward-swimming sperm (rheotaxis) was greater 
in the narrow channel.  This result suggests that the 
swimming direction of sperm is regulated by the chan-
nel structure.
Spiral swimming trajectory in the presence of flow.
We compared the percentage of rheotactic sperm show-
ing a spiral trajectory between narrow cylindrical chan-
nels with different diameters.  We observed that motile 
sperm swimming close to the channel wall appeared 
periodically in and out of focus of our camera.  If the 
trajectory of the sperm were a planar sinusoidal motion,  
the motile sperm image would either stay in focus or be 
out of focus continuously.  We thus considered the 
(Number of motile sperm swimming against flow) × 100
(Total number of motile sperm)
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???? ?　 The percentage of sperm responding to rheotaxis as a 
function of the narrow cylindrical channel diameter.  ＊＊p＜0.016.
sperm that appeared in and out of focus to exhibit a 
spiral motion in the narrow cylindrical channel.  On the 
basis of this assay,  the percentage of motile sperm 
exhibiting a spiral trajectory was 41.1% (50-μm diame-
ter,  n = 95),  28.8% (70-μm diameter,  n = 104),  and 
16.3% (100-μm diameter,  n = 92) (Fig. 3).  Thus,  more 
sperm swam spirally in the 50-μm diameter channel 
than in the 100-μm diameter channel.
Frequency of spiral swimming trajectories in the 
presence of flow. We visually identified motile sperm 
heads from our recordings and analyzed their spiral 
motion.  The individual trajectories of the motile sperm 
cells could be fitted to a sine curve.  We calculated the 
frequency-to-diameter ratio (L/D) of one cycle length 
(L,  the frequency of the sine curve) and the channel 
diameter (D) (D/2,  the amplitude of the sine curve) in 
the sine curve trajectory as shown in Fig. 4.  The L/D 
ratios (mean ± SD) in the narrow cylindrical channels 
with 50-,  70-,  and 100-μm diameter were 7.8 ± 2.4,  
5.8 ± 1.6,  and 4.0 ± 1.3,  respectively (Fig. 4).  Thus,  the 
length of the spiral increased with decreasing cylindri-
cal channel diameter.
We calculated the angle between the channel direc-
tion and the sperm motion based on the L/D.  When 
motile sperm swim spirally with a constant velocity,  the 
angle (θ) can be defined as L/D = 2/tanθ.  As the L/D 
increases (and thus the D decreases),  the θ decreases.  
The calculated θ values in the 50-,  70-,  and 100-μm 
diameter channels were 15°, 19°,  and 27°,  respectively.  
Motile sperm with spiral motion can swim more effi-
ciently to their destination in a channel with a smaller 
diameter.
Percentage of motile sperm showing spiral motion 
in the presence and absence of flow. Next,  we com-
pared the percentages of motile sperm exhibiting spiral 
motion in the presence and absence of flow (Fig. 5).  In 
the 50-μm diameter channel,  the percentage of motile 
sperm with a spiral trajectory increased from 15% in the 
absence of flow to 45% in the presence of flow (p< 0.05).  
However,  in the 70- and 100-μm diameter channels,  
the percentage of motile sperm with spiral motion did 
not greatly increase in the presence of flow.  In the 
70-μm diameter channel,  the percentage of motile 
sperm showing spiral motion increased from 25% to 
28% with flow (p < 0.05).  In the 100-μm diameter chan-
nel,  12% of the sperm were in spiral motion with flow,  
and 3% of the sperm were in spiral motion without 
flow; the difference was not significant (p < 0.05).  The 
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???? ?　 The trajectory of human sperm 
under ﬂow.  L: The rate of one cycle length 
for the narrow cylindrical channel diameter 
(D) (n＝42 for 50 μm,  n＝30 for 70 μm,  
and n＝15 for 100 μm).  ＊＊p＜0.016.
reason for the significant increase in the percentage of 
motile sperm with spiral motion in the 50-μm diameter 
cylindrical microfluidic channel is that there was more 
interaction between the beating flagella and the channel 
walls compared to the 70- and 100-μm diameter chan-
nels.  Because many sperm cells swam with linear 
motion in the 100-μm diameter cylindrical channel 
without flow,  the percentage of sperm with spiral 
motion decreased in this group.  Taken together,  our 
findings revealed that in the narrower microfluidic 
channel,  flow more strongly induced motile sperm cells 
to swim spirally.  This is similar to the result shown in 
Fig. 3.
Discussion
Relationship between motile sperm rheotaxis and 
the inner diameter of cylindrical microfluidic chan-
nels. We compared the percentage of sperm cells 
exhibiting rheotaxis observed in our experiments with 
those reported in previous studies (Table 2).  As the 
channel cross-sectional area decreases or the fluid 
velocity increases,  the percentage of sperm cells exhib-
iting rheotaxis increases due to the increases in the fluid 
shear rate and stress.  El-Sherry et al.  noted that sperm 
cells tend to swim near the wall of microfluidic channels 
with a smaller cross-sectional area under conditions of 
lower flow velocities [16].  In contrast,  our present 
findings indicate that the shear stress in the 50-μm 
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????? ?　 Comparison of sperm rheotaxis between previous studies and the present investigation
Animal species Fluid velocity(μm/sec)
Experimental condition or
microﬂuidic channel structure Rheotaxis (%) Reference
Bull 33
67
101
Rectangular channel with 50
μm in width and 20 μm in 
height
68
90
93
16
33,  67,  101 Rectangular channel with 200
μm in width and 20 μm in
height
80-84
Human 90 Fluid ﬂow from glass
micropipette on 35 mm petri
dish
(Height of ﬂuid,  1,000 μm)
49 4
Human
Mouse
10 Fluid ﬂow generated by
thermal convection
(Width and height of the
capillary tube,  1,000 and 50
μm,  respectively.)
51
68
12
Human 20 50-μm diameter cylindrical
channel
84 This study
49 70-μm diameter cylindrical
channel
63
78 100-μm diameter cylindrical
channel
63
diameter channel was half of that in the 100-μm diame-
ter channel.  Moreover,  the fluid velocity in our study 
was lower than that used in previous studies [16].  In 2 
further studies [4 , 12],  the channel height was greater 
than that used in our experiment and in the previous 
study [16],  while the shear rate and stress at the wall 
were lower because of the greater channel height with 
fluid velocity similar to that used in our experiment 
[4 , 12 , 16].
When we increased the fluid velocity,  sperm cells 
were flushed out of the channel.  The rheotactic sperm 
cell percentage was clearly dependent on the fluid 
velocity.  Rheotaxis was shown to be strongly controlled 
by the fluid velocity and shear stress distribution in a 
rectangular channel [16].  We speculate that motile 
sperm cells with spiral motion tend to swim close to the 
wall in order to avoid being washed out by carrier fluid 
motion.  The results of our present investigation indi-
cate that rheotaxis is affected by the shear stress and the 
flow rate of the fluid,  and by the dimensions of the 
channel.
Relationship between the motile sperm spiral tra-
jectory and the inner diameter of cylindrical microflu-
idic channels. We also compared the spiral motion 
trajectory that we observed with those reported in pre-
vious studies.  Miki et al.  found that spiral motion was 
induced by fluid flow opposite to the direction of sperm 
cell motion [12].  We observed a similar phenomenon 
regarding the induction of sperm cells’ spiral motion in 
cylindrical channels.  An important finding of our pres-
ent study was the relationship between the spiral 
motion trajectory and the microfluidic channel diame-
ter.  Spiral motion of the motile sperm was more fre-
quently observed in the 50-μm diameter cylindrical 
microfluidic channels (i.e.,  the channels with diameter 
similar to the sperm length).
Compared with the flagellar motion in bulk fluid,  
the flagellar motion of sperm cells in a narrow channel 
is sterically hindered by the strong interaction of the 
sperm cells with the wall of the narrow cylindrical 
channel.  The L/D ratio increases as the cylindrical 
diameter of the microfluidic channel decreases,  because 
the progression of the cells is restricted by their keeping 
the beating flagella close to the channel wall [5].  Thus,  
a description of the mechanisms driving the rheotaxis of 
mammalian sperm cells should include the interaction 
of flagellar motion with the channel wall.
Effects of motile sperm rheotaxis on their spiral tra-
jectory. We will next discuss regulatory factors and 
characteristics of sperm flagellar motion in a fluid that 
affect the trajectory of the sperm cell.  The turning 
behavior of human sperm under flow reversal is depen-
dent on the shear rate and is regulated by changes in the 
mode of flagellar beating,  which switches from rolling 
and bending to bending only [32].  Sperm motion dif-
fers between locations at the channel wall and in bulk 
fluid because the flagellar beating mode in bulk fluid 
changes to a slither mode near the surface [22].  Quan-
titative studies have shown that the side-to-side flagellar 
movement across the directional axis decreases in 
high-viscosity medium,  and the amplitude of sperm 
head displacement is dependent on fluid viscosity (the 
higher the viscosity,  the larger the displacement) 
[19 , 20].
The micro-scale structure has been shown to influ-
ence the trajectory of motile sperm; analogous to our 
observations of the influence of flagellar motion,  ciliary 
contact with the walls of microfluidic channels has been 
shown to affect the sperm cell trajectory in in vitro stud-
ies [25].  In those studies,  obstacles or barriers to flagel-
lar motion were shown to increase the linearity of 
sperm motion.  In our present experiments,  we 
observed a difference in sperm trajectories between 
cylindrical channels with 50- and 100-μm diameters.  
The amplitude of the side-to-side flagellar movement 
was restricted by steric hindrance of the channel wall,  
and thus the angle (θ) of trajectory was smaller than that 
of the 100-μm diameter channel.  We propose that a 
decrease in the fluid-volume to wall-surface ratio in the 
channel and an interaction of the sperm flagella with the 
channel wall serve as cues for sperm directionality and 
decrease the chance of random motion.  Therefore,  the 
motile sperm rheotaxis and spiral motion in a cylindri-
cal microfluidic channel are strongly related.  The rea-
son for this is that both sperm behaviors are affected by 
the flagellar motion perturbation induced by the torque 
exerted by a vertical flow gradient to the flagella [5].
Comparison of the motile sperm behaviors in cylin-
drical microfluidic channels and oviducts. The 
microfluidic channel structure of the isthmus (0.1 mm 
diameter) guides sperm cells to the ampulla by inducing 
spiral motion [2 , 6].  In previous studies,  motile sperm 
cells were channeled to microstructures that mimicked 
the pockets and crypts in the mucosal folds of the 
ampulla.  Those studies described the microstructure as 
one of the cues that induced sperm cells to approach the 
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ampulla.  For example,  El-Sherry et al.  reported that 
positive rheotactic sperm cells showed a tendency to 
enter circular side pockets (30 μm diameter) along the 
main microfluidic channel [16].  Taking the previous 
and present findings together,  it seems that when peri-
staltic oviductal flow in the isthmus is generated,  motile 
sperm cells tend to swim along the luminal surface 
using spiral motion to migrate toward the ampulla 
inside the oviduct.
Our present experiments revealed that the sperm 
cells’ trajectory is modulated by the structure of the 
microfluidic channel and the fluid flow.  This suggests 
that the flagellar motion of the sperm cells is restricted 
by the channel structure,  which alters the frequency of 
the sperm cells’ spiral motion.  The development of an 
experimental system to capture magnified images of 
motile flagella in a cylindrical channel is necessary to 
gain a better understanding of the relationship between 
flagellar motion and microfluidic channel structure.  By 
controlling the channel structure and surface roughness 
of the microfluidic channel,  flagellar beating can be 
regulated and spiral motion of the sperm cells toward 
their destination can be induced.  The structure of the 
oviduct is thus physiologically significant for sperm 
taxis.
Limitations of this study, and further research 
directions. The limitations of this study and the 
design of future investigations can be discussed from 
technical and biological viewpoints.  In the present 
study,  we needed a pump and a controller to drive per-
istaltic flow to mimic the physiological peristaltic 
movement of the oviduct in an in vitro experimental 
model of sperm motion inside the isthmus.  However,  it 
is difficult to observe fluid dynamics inside cylindrical 
microfluidic channels when using a pump and a con-
troller,  as shown in Fig. 1D.  The complexity of the sys-
tem inhibits rapid observation from the side.  For 
observations of three-dimensional sperm spiral motion 
in the fluid flow,  we intend to develop an improved 
experimental system that includes a computer-based 
trajectory analysis.  With the use of confocal fluores-
cence microscopy or three-dimensional microscopy,  
this new system would more clearly recognize motile 
sperm spiral trajectories and flagellar beating induced 
by rheotaxis.
Another limitation of this study was the use of only 
a single volunteer.  We need to compare experimental 
results between sperm samples from healthy persons 
and patients for examinations of human sperm rheot-
axis and the spiral trajectories.  The development of a 
reliable experimental system is necessary for cylindrical 
microfluidic channel evaluations.  Although we cur-
rently have the proof-of-concept of this experimental 
system and a strategy for its further development,  we 
must confirm the proof-of-concept by using sperm 
samples from several volunteers.  The sperm behaviors 
observed herein arose from the fluid mechanical prop-
erties of the motile sperm cells and the microfluid.  
Therefore,  the semen characteristics and genetic back-
grounds of healthy persons and patients must be con-
sidered when replicating these findings,  since differ-
ences between these populations would affect the 
flagellar-beating properties; moreover,  the insights 
obtained could provide clues for identifying male fertil-
ity-related markers.
The implications of these insights for the design of 
improved motile sperm sorting devices for in vitro fer-
tilization should be considered.  Our results suggest that 
microfluidic channels with inner diameters < 100 μm 
can guide motile sperm with spiral motion in the 
desired direction.  The use of an array of microfluidic 
channels with diameters of 50-100 μm and adequate 
flow inside the narrow cylindrical channel could 
improve the motile sperm recovery rate by using these 
sperm-guiding effects.  We intend to develop an experi-
mental system equipped with an array of microfluidic 
channels in order to increase the concentration of 
sorted motile sperm.  In this way,  the efficiency of 
devices for motile sperm collection could be increased 
to improve assisted reproductive technologies [29 ,  
34 , 35].
In conclusion,  we analyzed the relationship between 
human sperm rheotaxis and motile sperm trajectories 
in 50-,  70-,  and 100-μm diameter cylindrical microflu-
idic channels with and without fluid flow.  We found 
that the spiral motion of human sperm was modulated 
by the fluid flow and the microfluidic channel diameter.  
The percentage of sperm exhibiting spiral motion and 
the frequency-to-diameter ratio of the spiral trajectory 
increased in the narrower cylindrical channel (50 μm).  
As the cylindrical channel diameter decreases,  the sur-
face area of the fluid increases,  and the sperm flagellar 
beating would interact with the wall.  Both the rheotaxis 
and the spiral motion of motile sperm were modulated 
by fluid shear stress distribution in the fluid.  We thus 
conclude that the channel structure affects the sperm 
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cells’ swimming properties and guides them to the 
ampulla for egg fertilization.
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